The influence of the methylphosphoester group on the reversible reaction shown below was studied. Evaluation of the rate constants for the system depicted as well as for the analogous equilibrium involving the nucleoside deoxyguanosine showed that whereas the chloride anation is slowed down by the presence of the methylphosphoester group, the hydrolysis rate constant is not significantly altered. This result speaks against a catalytic role of the 5'-phosphodiester group in the hydrolysis of cisplatin monoadducts with DNA, as suggested previously (Kozelka & Barre, Chem. Eur. J. 1997Eur. J. , 3, 1405Eur. J. -1409. NH3 Gu,
The reaction of Me-5'-dGMP-and dGuo with the diaqua form of cisplatin, cis-[Pt(NH3)2(H20)2] 2+, in 0.1 M NaC104 was also investigated and the corresponding rate constants determined. The phosphodiester group accelerates the replacement of the first H20 ligand 10 times, and that of the second H20 ligand~2 times.
Introduction
A number of experimental observations have indicated that the antitumor activity of cisplatin (cis-[PtC12(NH3)2]) is related to DNA damage caused by covalent platinum binding to nucleobases [1, 2] . The cytotoxic effect is generally ascribed to the major cisplatin-DNA adducts, the 1.,2-GG and 1,2-AG intrastrand diadducts, which represent -85% of all adducts formed upon cisplatin-DNA interaction in vivo as well as after DNA platination under certain in vitro conditions [3] . The assumption that the 1,2-intrastrand crosslinks are at the origin of antitumor activity is based, on one hand, on the finding that in E. Coli, these adducts are indeed cytotoxic [4, 5] , and on the other hand, on the correlation between the levels of the 1,2-diadducts detected in the white blood cells of cisplatin-treated patients and the patients' response to the treatment, as observed by Reed et al. [6] . However, a causal relationship between the 1,2-intrastrand crosslinks and anticancer activity in humans has never been demonstrated.
We have previously hypothesized that the cytotoxic effect of cisplatin could be related to the platinum-DNA monoadducts [7, 8] . Our hypothesis was based on the reasoning that the monoadducs, bearing a labile ligand, could "lure" repair proteins and fix them in a covalent DNA-Pt-protein complex. Such a ternary complex formation with the recognition part of the UvrABC excinuclease DNA repair system of E. Coli was indeed observed in an experiment by Lambert et al. [9] . Another indication that the monoadducts could be related to antitumor activity was the finding that asymmetrical cis-diaminedichloro complexes with bulky substituents, forming with DNA long-lived monoadducts, showed enhanced cytotoxicity [7, 9] . Recently, Natile's and Farrell's groups reported substantial in vitro cytotoxicity and in vivo antitumor activity of trans-[PtCl2L2] complexes, with L being E-imino-ether [10, 11] or quinoline [12, 13] ; these complexes are characterized by relatively long-lived monoadducs with DNA [14] [15] [16] .
There is conclusive evidence showing that cis-[PtC12(NH3)2] does not react with DNA directly but through a solvent-assisted pathway [17] [18] [19] [19] [20] [21] . Thus, the chloro-monoadducts have considerably longer lifetimes than the aquamonoadducts [19, [22] [23] [24] [25] . The rate of hydrolysis of the former has been shown to depend on the adjacent bases, in particular on the base 5' to the platinated guanine [26] . We have recently suggested that this sequence-dependence could be due to a catalytic action of the phosphodiester group flanking the monoadduct from the 5' side. Either a nucleophilic catalysis [27] or a general base catalysis are conceivable mechanisms; in both cases, the exact positioning of the phosphodiester group, which depends on the nature of the adjacent bases, would be expected to determine the hydrolysis rate. (2) where the nucleotide Me-5'-dGMP was replaced by the nucleoside deoxyguanosine. We were thus able to quantify the influence of the phosphodiester group on kH20 and kcl.
In addition, we have followed the formation of 3 from 2 and Me-5'-dGMP, and that of 5 from 2 and deoxyguanosine, and determined the appropriate rate constants. The reaction between Me-5'-dGMP and 2
and the reversible anation of 3 (Eq.1) were followed using 1H NMR, whereas the analogous reactions with dGuo were analyzed by means of reverse-phase HPLC. In the NMR-monitored runs, pH changes during the reactions were accounted for mathematically, while in the reactions followed by HPLC, the pH was kept [30] . 760 mg Dicyclohexylcarbodiimide (DCC, Aldrich) were added to a suspension of 5'-dGMP (free acid, Sigma, 250 mg) in 100 mL of methanol (Carlo Erba, pro analysis) and the mixture was stirred 48 h at room temperature. The solvent was evaporated under vacuum tõ 3 mL. DCC and its by-products were precipitated by addition of 50 mL of water and filtered off in two steps: first, using filter paper, and second, passing through a D4 glass frit (filtering over frit directly congests the frit). The filtrate was extracted with 3x20 mL of cyclohexane, evaporated under vacuum to~10 mL and the rest lyophilised to dryness. The colorless microcrystalline material obtained was dissolved in~3 mL D20 and the solution passed through a column filled with~0.5 mL of a Dowex(R)-50 resin (Sigma) charged with NH4 + and rinsed with D20. The purity of the collected fractions was checked using 1H NMR. The fractions with satisfactory purity were assembled and lyophilized. The The reaction between 2 and deoxyguanosine was followed using the HPLC-based method described by Gonnet et al. [31 ] . The 
For the kinetic .nalysis of the reversible hydrolysis of 6, the same reaction was carried out with 2 in twofold excess over deoxyguanosine, so that the yield of ti was maximized. After one hour reaction time at room temperature, the same volume of saturated NaC1 solution was added to the reaction mixture in order to replace all aqua ligands with chloride. The mixture was subjected to cation exchange HPLC separation using the same conditions as described above, and 6 collected at the outlet was immediately cooled to liquid nitrogen temperature. This solution, which was 0.5 M in NaC104, was subsequently used to follow the establishment of the hydrolysis equilibrium (Eq. 2). 
Numerical integration of these differential equations yields the theoretical concentration curves. Obviously, the calculation of the time-derivatives (Eq. 3a-d) requires the concentrations of the specific protolytic forms, [2] , [2-D] , and [3] , to be defined. This can be achieved using two different approaches, one applicable in the acidic solution, and the other in the neutral milieu, as explained in the following paragraphs. (2) and Me-5'-dGMP (L) in D20. a extrapolated for D20 from [32] and [33] .
b determined from the titration curve in Figure 1 . [ [7] themselves.
5(H8)

Reaction in neutral milieu
In a second experiment, approximately stoichiometric, exactly determined quantities of 2 and L were mixed in an NMR tube with an equimolar amount of NaOD, so that the initial concentrations were -.8 mM.
The initial pD was 6.7 and increased to 7.7 in the course of the reaction. In this case, neither equilibrium of Scheme could be neglected, and a purely analytical determination of [D/], [2] , [2-D] , and [3] became impossible. We then took advantage of the fact that the pD range lie in the buffer zone of 3 (pKa3 7.03 in D20), and could thus be monitored using the chemical shift of H8(3) (Figure 1) 2x 104s, shown enlarged in the inset) and neutral (slower reaction, followed until ca. 17x104s) aqueous 0.1 M NaC104 at 20 C. The rate constants kLl, kL2, and kBls were iterated in order to fit simultaneously all four curves. Since the mixture remained acidic (pD < 5) during the reaction, the deprotonation of 2-D (Ka2) and of 3 (Ka3) (Scheme 1) as well as that of 8 (pK a 6.96; extrapolated for D20 from [33] ) could be neglected. The only protolytic equilibrium that has been taken into account was thus that between 2 and 2-D (Kal, Scheme 1).
The differential equations to be integrated are thus according to the equations (1) and (7):
where the index 0 indicates the appropriate value at time 0.
(Sa) (8b) (8c)
Simultaneous fit of the theoretical curves for [3] to the experimental concentrations from two experiments (fitting of the curve for [4] would be redundant, since [3] + [4] const.) are shown in Figure 4 . The optimized rate constants (Eq. 1) are listed in Table 2 together with those for the reaction (2).
Kinetics of the reaction between 2 and deoxyguanosine
The reaction between 2 and deoxyguanosine was followed in aqueous 0.1 M NaCIO4 at constant pH (4.5_+0.1). At this pH, the acid-base equilibria Kal, Ka2 and Ka3 of Scheme (substitute dGuo for L in Scheme 1; beware that the pKa values are given for D20 can be neglected, and we are left with the two consecutive reactions along kL and kgl s. . Experimental (+) and calculated (full line) concentration curves for [3] for two runs in which approx, stoichiometric amounts of 3 and NaC1
were mixed in 0.1 M NaC104 at 20 C. The rate constants kcl and kH20
were iterated in order to fit simultaneously both experimental curves. (see Section 2) using cation-exchange HPLC, and the establishment of the equilibrium (2) in 0.1 M NaC104 at pH 4.5_+0.1 was followed using analytical cation-exchange HPLC runs. The deprotonation of the aqua ligand of 5 to cis-[Pt(OH)(NH3)z(dGuo)] + (5-H) could be quantified using the pKa value determined previously (5.43_+0.15 in D20 [35] ; 4.91-+0.15 in H20 [32] ): For the reaction system involving Me-5'-dGMP', we have also determined the rate constant kL2 characterizing the reaction with the deprotonated form of 2, cis-[Pt(OD)(NDa)E(D20)] + (2-D) (Scheme 1; Table 1 ). The ratio kLl/kL2 of~100 indicates that the affinity of 2 for Me-5'-dGMP" is decreased by two orders of magnitude upon deprotonation of 2. For comparison, the reaction between 2 and the nucleoside 1-methylinosine is slowed down only by a factor of 10 upon deprotonation [37] . This difference can be plausibly attributed to the negative charge of Me-5'-dGMP', which should "feel" the decrease of positive charge from 2 to 2-D, whereas there is no net charge-charge interaction between the platinum complexes and 1-methylinosine. Interpolating between Me-5'-dGMP" (charge -1) and 1-methylinosine (charge 0) to double-stranded DNA, where the average nucleotide charge is approx. -0.25 e [38, 39] we would expect that deprotonation of 2 should reduce the reactivity towards DNA nucleobases by a factor between l0 and 100. In contrast to this prediction (as well as to chemical intuition) is the observation reported by Johnson et In the second part (sections 3.2 and 3.4), we investigated the establishment of the hydrolysis-anation equilibrium for the reactions (1) and (2), respectively. The rate constants shown in Table 2 NMR offers the opportunity of performing in situ qualitative and quantitative analysis of the products consumed and formed during a reaction. However, no pH adjustments during the reaction are possilgle with current spectrometers. Workers using NMR for kinetic measurements therefore usually either choose acidic or alkaline reaction conditions involving only small pH changes, or recur to buffers. Buffer systems, however, inevitably include potential ligands, and data recorded for reactions involving metal complexes in buffered solutions are therefore frequently ambiguous. Specifically, the phosphate buffer, typically used to maintain neutral or quasi-neutral pH, has been shown to compete effectively with other nucleophiles for platinum(II) binding [41 ] . We have therefore followed, in the part involving Me-5'-dGMP', an alternative approach, in which the pH is not regulated, but left to evolve, and the pH changes are taken explicitly into account in the kinetic simulation. Two options of this demarche are presented: the theoretical approach, where the concentration of H + (actually: D+) is calculated from the known dissociation constants, and the experimental approach, employing an internal pD indicator. The application of the theoretical approach was particularly straightforward for the reaction between Me-5'-dGMP" and 2 in acidic solution (Section 3.1.1.), where only two acid-base equilibria were to be taken into account, and the proton concentration could thus be derived analytically. The same reaction in neutral medium, on the other hand, involved three protolytic equilibria (Scheme 1), and the calculation of [D/] would have had to be carried out numerically. The introduction of an iterative subroutine within each cycle of the routine integrating the differential equations would have considerably slowed down the integration-optimization procedure and would have possibly jeopardized the convergence. Therefore, we recurred to the experimental approach. The experitnental [D+]-time curve was introduced into the integration routine by means of a fit function ( Figure  2 ). In summary, replacing pH control by mathematical accounting for pH changes in the evaluation of the rate constants has allowed us to study in a convenient way a relatively complicated system of reactions.
